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I. INTRODUCTION OPTIMAL control of mechanical devices used to assist the failing heart is a complex problem of potentially great clinical significance. The left ventricular bypass pump is a parallel type of assist device which has been used both experimentally and clinically in recent years (Ross, et al. [1] ; DeBakey [2] ). The question of how to control this device without the need of constant operator attention and in a manner which optimizes cardiac assistance is an important problem. The purpose of this study is to analyze in detail different modes of pump control and to compare their performance using analog computer simulation.
The system to be modeled is shown in Fig. 1 in block diagram form. The bypass assist device is connected in such a way that blood is drawn out of the left atrium and pumped into the systemic arterial load. Because of the nature of this operation, both the preload and afterload on the left ventricle are directly affected and the cardiovascular system must be characterized in closed-loop form. The overall circulatory model, therefore, includes both left and right heart, systemic arterial and venous compartments, and pulmonary load. This closed-loop representation is uncontrolled in the sense that neural effects on the cardiovascular system are not modeled.
II. THE UNASSISTED CIRCULATION A. Model Development
Theoretical development of the closed-loop circulatory model shown schematically in Fig. 2 is based upon the combination of lumped-parameter models found in the literature. Noordergraaf [3] gives an excellent review of vascular models which can simulate physiological behavior based upon the analogy of hydraulic properties of resistance, compliance, and Manuscript received July 11, 1974; revised February 10, 1975 . This study was supported in part by the National Heart and Lung Institute, National Institutes of Health under PHS Research Grant HE-09251.
The authors are with the Bioengineering Group, Table I in the overall circulation is demonstrated by a model experiment in which initial volume conditions reduced to one-half their normal values. Overall, this simulation of blood loss produces a diminishment in pressures and volumes and all segments of the model. Although heart and load parameters are all normal, systemic arterial pressures are decreased considerably and cardiac output is reduced by more than 50%. A final abnormal case of particular interest is that resulting from alteration of left ventricular contractile properties. Abnormal elastance data have been obtained from the same cardiac catheterization laboratory which supplied measurements for the normal patient. The elastance curve used in the following simulation is that taken from a patient with normal cardiac output and systemic arterial pressures, but whose left ventricle exhibits abnormal wall movement and is therefore clinically classified as asynergistic. Model output can be compared with clinical data summarized in Table IV . In an effort to isolate the effects of the left ventricular elastance changes, the simulation whose results are summarized in Table III and Fig. 4 is performed using the same systemic and pulmonary loads, left atrium, right heart, and total blood volume as in the normal case. Although heart rate is also unchanged, the abnormal left ventricular elastance curve differs most markedly in that its peak value is reduced by more than 75% from that of the normal. As noted in Table III , simulation of left ventricular asynergy produces a rather minor decrease in stroke volume, a dramatic increase in end-diastolic volume, and a resultant severe reduction in ejection fraction to a value of only .32. While mean pulmonary venous pressure is elevated to 13 mmHg, systemic arterial pressures are observed to be normal. Fig. 5 is connected between the left atrium and the distal systemic arterial segment through purely resistive inlet and outlet lines containing ideal diodes. The pump itself is represented basically as an idealized pressure source: The pressure inside the fluid chamber (Pp) is assumed to depend only upon the pneumatic driving pressure (PD) on the other side of the diaphragm and not upon the volume of fluid in the chamber (Vp) so long as that volume is kept within a prescribed range (see Fig. 6 ). If the diaphragm is "underdriven" by attempting to fill the pump when it has already reached its maximum filling volume or "overdriven" by attempting to eject when the fluid volume is less than the prescribed minimum, the assumption of volume independence is violated. Rather than using a complicated function to reflect the dependence of Pp on both PD and Vp in general, the following reasoning is used in the modeling: During the time in which the diaphragm is underdriven or overdriven, the pump is rendered incapable of responding to the pneumatic driving pressure and it is therefore assumed that no flow through it can occur. Thus when filling is attempted on an already full pump (or ejection is attempted with an empty one) the pump is forced into a "hold" state where it is essentially switched out of the circuit until the condition is relieved by permitting ejection (or filling) to resume. This reasoning suggests the following four modes of pump control: 1) asynchronous, timetriggered control, 2) asynchronous, volume-triggered control, 3) synchronous, time-triggered control, and 4) synchronous, volume-triggered control.
When no attempt is made to synchronize assist pumping with the natural cardiac cycle, one of the asynchronous, freerunning modes results. Mode (1) is implemented by triggering the electropneumatic power unit internally and by simply specifying the rate of pumping and the duration of the systolic gas pulse delivered to the diaphragm. This time-triggered control may lead to an overdriving of the diaphragm periodically forcing the pump into the hold state. In mode (2), maximum and minimum volume criteria are used to trigger the pump in order to insure that no time is spent in the hold state.
By triggering ejection when pump volume reaches its maximum value and filling when the pump is empty, one hopes to maxi-mize flow through the pump and thereby help minimize formation of thrombi due to stasis. If the subject's ECG is used as an external trigger to the pneumatic driving unit, assist pumping can be synchronized with the natural cardiac cycle and pump ejection can be constrained to occur only during a prescribed interval of that cycle. In mode (3), synchronous pumping is implemented by specifying pump delay (the time between the occurrence of the subject's R wave and the time at which pump systole begins) and the duration of pump systole. Mode (4) utilizes both volume criteria and the synchronized timing signal in an effort to improve pump filling. In this mode, the pump is allowed to begin filling when its volume reaches a minimum value and need not wait for the prescribed ejection period to be over. Should, however, the volume in the pump chamber reach its maximum value before the delay period has elapsed (which is unlikely due to the inflow limitation of the pump), the pump must still hold until timing constraints permit ejection. Therefore, with practical (i.e., sufficiently large) limits set for maximum pump volume, pump ejection is usually triggered via the time criterion.
In order to quantitatively compare the four proposed modes of pump control, a mathematical performance index is specified which reflects the two main goals of assist pumping: 1) improvement of circulation and 2) provision of a degree of "rest" to the failing ventricle. This latter goal implies the reduction of heart work and is facilitated in bypass pumping by removing blood from the left atrium, thus serving to reduce left atrial and ventricular end-diastolic pressures characteristically elevated in heart failure. By subsequent pumping of this blood into the systemic arterial load, cardiac output is augmented by pump output and overall circulation can thus be improved.
Employing an approach similar to that utilized by Kane, et al.
[15], [16] to atssess the effect of intra-aortic balloon pumping, the performance index used in this study is a scalar functional which is the weighted sum of three terms, each of which is related to a particular goal of assist pumping. To achieve the "best" performance, one attempts to maximize circulation while minimizing heart work. Therefore, the first weighting coefficient in the above equation is positive while the other two are negative. Their values (see Table I ) have been adjusted so that the second and third terms are approximately equal and their sum is comparable in magnitude to the first term.
B. Model Results
In order to facilitate comparison of the four different modes of controlling pump timing, the following six physical pump parameters are held constant: 1) Vmin and Vmax, the limits between which pump pressure is assumed equal to that of the pneumatic source, 2) RP1 and Rpo, the combined resistances Table I for list of values.)
The four modes of pump control are first compared on the basis of their assistance of the normal heart for an arbitrary choice of timing parameters (TS, TD, and Tp). Fig. 7 shows the model results obtained with the pump operating in the asynchronous, time-triggered mode of control when pump period (Tp) is set to one sec and systolic duration (TS) is fixed at 300 msec. Tracing (a) of VLV shows an approximate 15% reduction in left ventricular end-diastolic volume during the pumping episode. Because the output of the bypass pump is connected directly to the distal arterial segment in the model, one observes that pump ejection causes very abrupt disturbances in the PSA2 waveform in tracing (c), which appear more damped in the pressure in tracing (b) recorded at the upstream site. Also evident in both of these tracings is the lack of synchrony between ventricular systole and pump ejection. Tracing (d) depicting instantaneous pump volume (Vp) demonstrates that pump filling requires a much greater amount of time than does ejection, and because the latter takes less than the 300 msec allotted by the specification of TS, the pump is cyclically forced into the hold state in the empty position by this time-triggered mode of control. On the average, the performance index in tracing (e) appears to be approximately 6 units above its unassisted zero reference level, but because pumping is asynchronous, considerable variation is observed from one cardiac cycle to the next.
The results of synchronous, time-triggered assistance recorded in Fig. 8 are obtained by again setting pump systolic duration at 300 msec and triggering pump ejection 500 msec (TD) after the onset of atrial systole.2 As in the previous 2For convenience in the model, time within the cardiac cycle is referenced to the beginning of atrial contraction rather than the R wave of the EKG. assistance. Left ventricular volume in tracing (a) is reduced to a greater extent than before and this waveform, as well as those of systemic pressure in tracings (b) and (c), exhibits dramatic beat-to-beat variation due to asynchronous ejection of the full 50 ml pump volume. Although as seen in tracing (d), this increased stroke volume is accompanied by a decreased pumping frequency, the resultant flow output of 2 1/min is more than 30% greater than that produced by either of the previous control modes. The performance index recorded in tracing (e) varies from about 6 to 10 units and seems to corroborate a general improvement in assistance over the two time-triggered modes of pump control. The results of synchronous, volume-triggered control are given in Fig. 10 . Again setting pump delay, TD, to 500 msec, left ventricular end-diastolic volume shown in tracing (a) is now reduced to 90 ml each cycle. As evidenced in (b) and (c), the relationship between ventricular and pump systoles is also constant. Pump flow output determined from tracing (d) is equal to that observed for the preceding mode of assistance. Likewise, tracing (e) shows a constant performance index which is comparable to the mean of that achieved during asynchronous, volume-triggered pumping and about 30% greater than that of the two time-triggered modes of control.
Having compared the four modes for a particular set of control parameters, the sensitivity of performance to parameter variations is now considered. The results observed for the case of assistance of the normal heart are recorded in Fig. 11 chronous. For a delay of 150 msec, pump ejection is superimposed on ventricular systole and a rather shallow minimum is noted in the performance index. An even less pronounced maximum results when TD equals 400 msec and pump ejection occurs during isovolumic relaxation causing mean systemic arterial pressure to be optimally enhanced without increasing the afterload on the left ventricle. Tracing (b) of Fig. 11 shows performance as a function of pump systolic duration when pumping is again synchronous, but filling is triggered by timing criteria. Setting pump delay to 400 msec, the value found optimal in the previous mode, Ts is varied from zero to 400 msec in 10 Although asynchronous, volume-triggered pump control does not depend upon the specification of any timing parameters, the stroke volume of the pump can be set to any desired value using the technique of Norman, et al. [20] . Mean performance as a function of SVp, the volume at which pump ejection is triggered, is shown in tracing (d) of Fig. 11 . Most notable is the observation that the average performance index, computed in the same manner as for the previous asynchronous control mode, shows almost no variation as a result of changes in SVp. In addition, the value which is consistently achieved is comparable to the optimal performance index found for the other three modes of pump control. Fig. 12 shows the effects of pump parameter variation in the case of bypass assistance of the abnormal left ventricle. Except for the left ventricular elastance function, which is that referred to previously as being asynergistic, all model parameters are unchanged from the normal. Computing the performance index exactly as in the case of the assisted normal and again using the unassisted value as a zero reference level, the four modes of pump control are compared in the same manner as before. The performance index recorded for synchronous, volume-triggered assistance in tracing (a) of Fig Quantitative assessment of simulated assistance is based upon a scalar functional chosen to reflect both of these goals. This performance index is a weighted sum of mean systemic arterial pressure, the area enclosed by the pressure-volume loop traced out by the left ventricle during the course of each cardiac cycle, and the mean left atrial pressure. Four modes of controlling the bypass pump are described, simulated, and compared on the basis of their effect on the performance index which is computed for every heart beat.
The four control schemes each use different logical criteria to trigger pump filling and ejection which are forced by periodically switching the pneumatic pressure driving the diaphragn between minimum and maximum values. Simulation of the assistance of the normal as well as the asynergistic left ventricle indicates that although all modes are capable of comparable performance for an optimal choice of control parameters, this selection is simpler and less critical in some cases than in others. For asynchronous, time-triggered pumping, the performance index varies from one cardiac cycle to the next and its average value is sensitive to the choice of pump period and the duration of pump systole. During synchronous, timetriggered assistance, performance is constant from beat to beat and depends upon Ts as well as TD (the time in the cardiac cycle at which ejection is triggered). The choice of Ts is quite critical in both time-triggered modes, but need not be made if volume information is used for control. In synchronous, volume-triggered control, as long as the time allotted for ejection is not too brief, performance is dependent on the single parameter TD and is not severely degraded if a suboptimal choice is made. No timing parameters need be specified for asynchronous, volume-triggered control which is implemented by simply setting pump stroke volume. In this case, the resultant performance index shows considerable beat-to-beat variation, but its mean value is comparable to the optimum achieved for the other three modes of control.
Again, conclusions drawn from the above results must be tempered with the recollection of the assumptions used in the formulation of the bypass pump model. For example, if the inertance of the fluid in the connectors leading to and from the pump were considered in the model, one might expect performance to be degraded in the case of very low stroke volume, high frequency assistance. In addition, the mechanical valves actually used in the physical pump are by no means ideal and the allowance of regurgitant flow in the model could therefore alter performance. Such refinements of the pump model would be interesting for future study.
Conclusions regarding the optimal mode of pump control must also be weighed in light of the limitations of the uncontrolled, lumped-parameter circulatory model which were cited earlier. First, consider the possible complications introduced by neural control of the cardiovascular system. Ignoring such control, the model implies that synchronization does not improve assistance because mean performance for asynchronous pumping is comparable to that achieved for each beat during synchronous assistance. However, in the actual physiological system, large irregular disturbances in the pulse pressure waveforms such as those caused by asynchronous pump ejection could produce deleterious results due to changes in baroreceptor feedback on the heart. Questions relating to possible effects on ventricular inotropic and chronotropic state are, of course, beyond the scope of the uncontrolled model. Moreover, because of the gross lumping used in the characterization of the vasculature, the model cannot address questions regarding flow in specific anatomical regions. In particular, improvement in coronary, cerebral, and renal perfusion cannot be guaranteed by simply increasing mean systemic arterial pressure.
Recall that maximization of this pressure, along with minimization of two terms relating to ventricular energy expenditure, has been used to define optimal assistance. Recognizing that as in any optimal control problem, this particular choice for a performance index is not unique, an interesting subject for future investigation might be an analysis of the dependence of pump mode selection upon the specific quantitative measure used for comparison. Even if the performance index were based upon the same component terms, the effect of changing their relative weights might be considered. In particular, if k2 were set to zero, the resultant index would depend only upon left atrial and aortic pressures. Since both of these variables can be easily and accurately measured, the determination of optimal performance could thus be made feasible in the clinical environment.
